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suggested [2] [3] [4] [5] to have played an important role in driving Earth's last major transition 68 in secular climate state, the intensification of northern hemisphere glaciation (NHG) 69 (~3.6-2.4 million years ago, Ma 10 ). Here we test this hypothesis by constructing new 70 records of water mass mixing in the deep North Atlantic Ocean using two proxies: 71 carbon isotopes (δ 13 C) in benthic foraminiferal calcite and the neodymium (Nd) 72 isotope composition (ε Nd ) of fish debris. Our records come from the benchmark site 73 for monitoring the water mass structure of the deep Plio-Pleistocene North Atlantic, 74
Deep Sea Drilling Project (DSDP) Site 607 [11] [12] [13] [14] [15] and its reoccupation 16 , Integrated 75
Ocean Drilling Program (IODP) Site U1313 (~41˚N and 3427 m depth) situated in the 76 core of modern NADW. 77
78
The first reconstructions of water mass mixing during the intensification of NHG used 79 δ 13 C from Site 607 11, 12 and concluded that prominent glaciations from ~2.5 Ma were 80 associated with suppression of NCW in the deep North Atlantic, but that NCW 81 production was always greater during NHG intensification than during the Late 82
Pleistocene glaciations. Subsequent δ 13 C-based investigations 3,13-15 concluded, 83
however, that NHG intensification was not associated with any major reorganization 84 of North Atlantic circulation, but was instead characterized by the persistence of 85 NCW in the deep Atlantic and of SCW in the deep South Atlantic throughout this 86 time. That interpretation is at odds with suggestions that either a major spin-up 2 or a 87 slow down 5 in AMOC played a key role in driving NHG intensification. 88
89
Our ability to reconstruct water mass mixing using benthic δ 13 C is complicated by the 90 potential for biological modification of this signal 14 and published estimates of the 91 relative abundance of NCW (versus SCW) bathing the deep North Atlantic (%NCW) 92 during NHG intensification are compromised by use of low resolution δ 13 C data and 93 unsuitable end-member records (see S1 in supplementary information). To address 94 these issues we present two new independent estimates of %NCW over the past 3.3 95 Myr based on: (i) published benthic δ 13 C from Site 607 (for <2. coarse lithic deposition at Site U1313 (Fig. 2c) , changes in bottom water ε Nd suggest 126 that the return of NADW during the last deglacial may occur at our study site during 127
Heinrich (H)-event 1, ~18 ka, ~3 kyrs earlier than at deeper (>4500 m) and more 128 southerly sites (Fig. 2a) 9.6 to -13.1 = 3.5 ε-units) similar to the amplitude of change (-11 to -14.5 = 3.5 ε-139 units) documented for the Last Glacial transition (Fig. 2e,f) . During the mid-140
Piacenzian Warm Period (~3.3-3 Ma), Site U1313 is characterized by unradiogenic 141 values (Fig. 2b suggests that SCW incursions during MIS G6, 100 and 96 were comparable to the 166
LGM. This inference is supported by LGM-magnitude cooling of bottom watertemperatures at Site 607 during these three glacials, presumably reflecting the arrival 168 of cold SCW in the deep North Atlantic (Fig. 3a, b) . We also note that these events 169 correlate with pronounced cooling of mid-latitude and/or Arctic surface temperatures 170 (Fig. 3a-c) . 171
172
Our evidence for Southern Ocean incursions into the deep North Atlantic provides 173 fresh insight into the relationship between North Atlantic circulation and NHG 174 intensification (Fig 3) . Numerical models of ocean circulation suggest that any 175 substantial secular slowdown in overturning of the NCW cell during NHG 176 intensification would be registered by shoaling of its lower boundary 23 and hence a 177 change in ε Nd at Site U1313 on a corresponding timescale. Instead the most prominent 178 feature of our records is that they exhibit enhanced excursions during cold-stages 179 rather than any long-term secular change (Fig. 2) . We also observe the development 180 of carbon dioxide in the abyss. We suggest that, once these preconditions were met 191 (Fig. 3g-h Ma onwards (Fig. 3f) (Fig 3g,h) 
